Indirect sampling techniques to estimate dermal exposure to pesticides on housedust-laden indoor surfaces should demonstrate collection efficiencies, for both particles and pesticide residues, which are similar to those that would adhere to the human skin. A spring-loaded press sampler has been developed that approximated the particle-and pesticide-collection efficiencies of a hand press of a human participant. Particle-collection efficiencies for the hand press and EL sampler, using housedust sieved to <250 m in diameter, indicated that both sampling techniques collected similar particle fractions over the range of particle sizes. Pesticide-collection efficiencies measured on the participants hand (seven paired tests) were 427% atrazine, 298% diazinon, 438% malathion and 215% chlorpyrifos. The EL sampler collected 355%, 313%, 325% and 183% respectively. The collection efficiencies of the two sampling techniques were highly correlated for atrazine, diazinon, and chlorpyrifos (correlation coefficient = 0.840, 0.815, and 0.706), but not for malathion (correlation coefficient =0.086).
Introduction
Increasing attention is being paid to children's exposure to pesticide residues in housedust (Fenske et al., 1990; Lewis et al., 1994) due to reported associations between residential pesticide use and childhood leukemia (Lowengart et al., 1987; Shu et al., 1988; Buckley et al., 1989) . Daniels et al. (1997) reviewed 31 epidemiological studies published between 1970 and 1996 and reported that no-pest strips and frequent use of pesticides in the home may be strongly associated with childhood leukemia. In addition, both the parental use of home pesticides and occupational exposure to pesticides during pregnancy were associated with increased risks of childhood brain cancers in multiple studies. The intimate contact of children with the floors and carpets of their houses presents a relatively important exposure route through dermal contact and oral ingestion of dislodgeable pesticide residues (Lewis et al., 1994) .
The adhesion of housedust particles to human skin provides a vehicle for human exposure to both inorganic and organic components in dust particles and any chemical that attaches to the particle surface. Public health concerns resulting from exposure to contaminants contained in or on housedust have reaffirmed the need for improved sampling techniques to measure dermal exposure (Fenske, 1993) . Two types of methods exist for sampling dermal exposures: (1) those that assess exposure indirectly by monitoring surface contamination; (2) those that assess the degree of contamination adhering to an individual's skin ( Ness, 1994) . Indirect measurement techniques for dermal exposure to pesticides use a wide range of devices including dislodgeable residue techniques (such as the PUF roller, The Dow Drag Sled and the CDFA roller) and wipe techniques (such as alcohol wipes, gauze pads and cotton gloves). Dislodgeable residue techniques often use collection media which have not been validated with respect to particle and contaminant collection efficiencies of the human skin. Furthermore, most wipe techniques attempt to collect the total dust and pesticide residue concentrations from the surface rather than the fraction that would adhere to the skin (e.g., modified LWW, Gurunathan et al., 1998) . Techniques that estimate the degree of contamination on the individual's skin were problematic for several reasons: differential contaminant absorption through the skin with body region and residence time on the skin, differential solubility in standard handwashing solvent and differential removal with pesticide loading (Fenske and Lu, 1994) . This paper addresses the development and testing of a spring-loaded press sampler to measure pesticide concentrations that approximate those that adhere to a human participant's hand upon contact with a dust laden-surface.
Methods

Sampler Design
The design of the EL (Edwards /Lioy ) sampler and loading of the 3MEmpore 2 octadecyl (C18) extraction sheet (3M, Saint Paul, MN ) into the sampler cassette are illustrated in Figure 1a , b and c. All components of the EL sampler with the exception of the sampling media and precision compression springs were composed of Delrin 1 . Experimental results relating to design considerations are described in Design Considerations, Results section. Provided that the sampler feet were in contact with the surface during the sampling period the C18 filter exerts a pressure of 0.026 lb/cm 2 on the sampling surface controlled by four identical compression springs at each corner of the sampling block.
After a standardized 5-s press onto the collection surface the EL sampler was removed from the collection surface and the cassette removed. On a clean aluminum foil surface the C18-impregnated Teflon filter was folded with the dust collection surface on the inside and wrapped in aluminum foil for transport. The folded filter was then placed in a precleaned, labeled 125 ml I-Chem 2 pesticide grade amber jar (batch certified, U.S. EPA specifications for Superfund analysis). The entire surface of the filter was submerged by adding 100 ml of 2-propanol (optima grade, Fisher Scientific Springfield, NJ) to the I-Chem 2 jar. The sample was stored frozen until extraction. After sonication and rotoevaporation the amount of pesticide collected by the EL filter was determined by gas chromatography-electron capture detection (GC-ECD) analysis.
Particle Collection Efficiency Methods
A settled dust chamber was used to deposit housedust (<250 m) onto test surfaces. The repeatability and consistency of the dust deposition was ascertained by depositing housedust onto 6 mmÂ48 mm diameter aluminum disks spread over the deposition surface and weighing the deposited dust mass on each disk. Housedust was deposited with a coefficient of variation of <10% for four separate dust depositions (24 samples).
Precleaned glass microscope slides were used as the test surfaces for particle collection tests. After housedust deposition the slides were removed from the chamber and transported in a sealed container to the adherent cell and sorting (ACAS) interactive laser cytometer (Meridian Systems, Okemos, Michigan) for measurement of the particle distribution deposited on the glass slide. The ACAS interactive laser cytometer was used confocally with transmitted light passed through an Olympus 413 F550 IF narrow wavelength 500-nm green filter and a 45-mm EIS-POLF polarizing filter before passing through the slide to the detector. The system was calibrated using 2% divinylbenzene crosslinked polystyrene Dynospheres 2 (Bangs Laboratories Newington, NH) of five different particle diameters: 5, 7, 10, 15, and 20 m. A more detailed description of particle size measurement using this instrument, including quality control and quality assurance for this method, may be found in Edwards et al. (1998) .
The slide was removed from the cytometer and transferred to an Ohaus 
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The EL sampler: a press sampler for the quantitative estimation of dermal exposure to pesticides in housedust weigh platform). One hand of one human subject (UMDNJ, IRB# 0550) was used for the hand press tests with three repeat measurements. Particle adhesion efficiencies represent the adhesion of particles to this individual's skin. The base of the palm of the hand was pressed once onto the glass slide with a pressure maintained as close as possible to 15 lbs for a period of 5 s. A standardized pressure of 15 lbs was selected as an estimate of a reasonable hand pressure, based on tests of repeated pressing of a hand on a scale. Selected pressures used for hand press tests in previous studies are: 12 lbs for hand press (Lewis et al., 1994) , 1.0 psi for hand press (Camann et al., 1996) (23 lbs based on 150-cm 2 hand), 80 mm Hg for hand press with inflatable cuff (EPA, 1993) (36 lbs based on 150-cm 2 hand). Selected contact times used for hand press tests in previous studies are: approximately 2 s (Roberts and Camann, 1989) , 15 s (EPA, 1993), 5Â1 s (Camann et al., 1996) . In these studies the hand was placed down on the surface with no lateral motion. The hand was then removed by lifting straight up from the surface. Thus, the results represent a hand press on the microscope slide and not a wipe motion. The hands were not prewashed prior to the tests as the casual sebum and moisture levels of the individual's hand were desired for particle adhesion. The glass slide was then removed and a final particle size distribution fraction was measured using the ACAS interactive laser cytometer. The X±Y indexing and sequential grid measurement provided by the cytometer ensured that the same areas were measured on the glass slide for both the initial and the final dust fractions.
Cotton glove tests were performed using the above procedure with the cotton glove placed over the hand. For the C18 filter, synthetic skin (Bioclusive Transparent Dressing 2 , Johnson and Johnson New Brunswick, NJ), Adhesive labels (Avery 2 5 in.Â3 in. self-adhesive labels) and Sof-wick 2 dressing sponge (Johnson and Johnson) the slide was transferred to the Ohaus 2 scale. The sampling media was placed over the slide and the EL sampler was placed over the sampling media for a period of 5 s. Three repeat measurements were made for all media. A previously unused media sample was used for each test.
Pesticide Collection Efficiency Methods
Housedust was settled onto non-electrostatic polyethylene surfaces using the previously described dust deposition methodology. After the dust had settled, 25 ml of a solution of approximately 0.001% chlorpyrifos, malathion and diazinon respectively, in 2-propanol (Fisher Scientific), was placed in a precleaned Sure Shot Atomizer 2 (Milwaukee Sprayer, Milwaukee). The atomizer was pressurized to 50 psi and the solution sprayed continuously into the top of the settled dust chamber until atomized solution was no longer observed entering the settled dust chamber. The sampling surfaces were left overnight to equilibrate before being removed from the settled dust chamber. Uniformity of pesticide deposition around the target area was tested using 47-mm-diameter aluminum disks. Each disk was wiped with an alcohol wipe and rinsed with 2-propanol. The alcohol wipe and the rinse solution were then sonicated for 30 min, rotoevaporated and analyzed independently by GC-ECD. Initial pesticide deposition with six disks averaged 0.09 g/cm 2 for diazinon, 0.12 g/cm 2 for malathion and 0.06 g/cm 2 for chlorpyrifos (atrazine was not measured) with 7.7%, 7.8% and 6.4% variation respectively around the target area. Four subsequent deposition experiments with four disks around the target area (n=16) showed variation of 21% for atrazine (concentration 0.10 g/cm 2 ), 16% for diazinon, 20% for malathion and 18% for chlorpyrifos.
Two precleaned 10 cmÂ15 cm surfaces and two precleaned hand-shaped surfaces (cut to the shape of the technician's hand, 150 cm 2 ) were prepared using nonelectrostatic polyethylene for each paired collection efficiency test of the EL sampler and the hand press followed by hand rinse. Housedust and pesticides were deposited on the test surfaces using the above methods. After deposition one of each type of surface was rinsed with optima grade 2-propanol into I-Chem pesticide grade amber jars to determine initial pesticide concentrations. The remaining hand-shaped surface and rectangular 10 cmÂ15 cm surface were sampled using the hand press and EL sampler respectively to determine the amount of pesticide collected by each sampling methodology. After sampling, the surfaces were rinsed with optima grade 2-propanol into I-Chem pesticide grade amber jars to determine the residual pesticide concentrations. These samples were used to calculate a mass balance for pesticide recoveries.
A hand-rinsing technique was used to recover pesticide residues adhering to the surface of the hand of one human volunteer (UMDNJ IRB#0550). The hands were not prewashed as the natural hand conditions for casual sebum and moisture were desired for each test. Hand rinse samples of housedust were collected with optima grade 2-propanol (isopropyl alcohol) in a clean Ziploc 2 bag. The solvent for each hand rinse was stored in individual Nalgene 1 bottles containing 225 ml solvent. Approximately 150 ml of the solvent was dispensed directly into the Ziploc 2 bag. The hand was pressed onto the sampling surface on the Ohaus 2 scale and maintained as close to 15 lb for a period of 5 s. The hand was then lifted up off the sampling surface with no lateral motion. The hand was placed in a Ziploc 2 bag and the solvent manipulated around the hand from the outside with a gloved hand. The hand was removed from the solvent and held briefly over the open end of the bag to catch the excess drops off the hand. The solvent in the Ziploc 2 bag was transferred to a clean pesticide grade I-Chem 250-ml amber jar with a Teflon 2 lined screw-top lid. The Ziploc 2 bag was washed out three times with the solvent remaining in the Nalgene 1 bottle. The solvent from each wash was added to the sample in the amber jar.
All samples had equivalent final volumes after rotoevaporation. Pesticide collection efficiencies were calculated as the concentration (g/ml) collected by the sampling technique as a fraction of the total initial pesticide concentration on the sampling surface [total initial pesticide concentration=concentration collected (g/ml)+concentra-tion left on sampling surface (g/ml)]. The total initial pesticide concentration on the sampling surface was compared to the initial pesticide concentration measured on the adjacent sampling surface for pesticide recoveries.
Extraction of EL and Hand Rinse Samples
The I-Chem 2 amber jars (Fisher Scientific) were sonicated for 30 min, with the water level in the sonicating bath approximately 1 cm below the screw top. After sonication the contents were transferred to a precleaned 1000-ml round-bottomed flask via a precleaned glass funnel. EL filters were unfolded with precleaned Teflon 2 coated forceps and rinsed thoroughly. The jars were rinsed three times with 2-propanol including the inside of the Teflonlined lid and the rinse solution was added to the contents of the 1000-ml round-bottomed flask. The glass funnel was rinsed with 2-propanol and the rinse solution added to the contents of the 1000-ml round-bottomed flask. The roundbottomed flask was then attached to the rotoevaporator and the solvent evaporated until approximately 1 ml remained. The solution was transferred to a 10-ml volumetric flask. The round-bottomed flask was rinsed three times with 2 ml of 2-propanol and the rinse solution added to the volumetric and diluted to 10 ml. One aliquot was transferred to a 1.2-ml amber autosampler vial for GC-ECD analysis.
Analysis of EL and Hand Press Samples
The samples were analyzed by a Hewlett-Packard Gas Chromatograph 5860 Series II with a nickel 63-electron capture detector and auto sampler injector model 7673. Split /splitless injector temperature was held at 2508C, detector temperature was held at 3008C and a 60 mÂ0.250 mm ID DB-1 fused silica capillary column, 0.25-m film thickness (J&W Scientific Folsom, CA) was held at an analytical temperature of 1658C. The carrier gas was helium with a flow rate of 0.8 ml /min and the makeup gas was nitrogen with a flow rate of 0.4 ml / min. The injection volume for all samples was 1 l.
Results
Design Considerations
The effective sampling surface area of the EL sampler was chosen on the basis of palm surface-area measurements of 18 men and 17 women (UMDNJ, IRB# 0550) in New Brunswick, NJ. Subjects were all of European descent as proportional representation of minorities within our sample size was not possible. The measurements were made by photocopying a hand placed on a transparent grid of 1 cmÂ1 cm squares. The number of squares covered by the palm of the hand were estimated for each hand. Table 1 shows the summarized results. Mean surface area was 163 cm 2 for men and 129 cm 2 for women. Combined measurements had a mean of 147 cm 2 with a median of 144 cm 2 . For ease of design an effective sampling surface area of 150 cm 2 was selected for the EL sampler. 3MEmpore 2 octadecyl (C18) extraction sheets were selected as the sampling media for a combination of the following two factors.
(1) The particle collection efficiencies best approximated those collected by a human hand when compared to adhesive labels, synthetic skin (Bioclusive Transparent Dressing 2 ), cotton gloves and Sof-wick 2 sponges ( Figure  2) .
(2) Compatibility for pesticide storage and analysis by GC-ECD (Sensemann et al., 1993 ) (see also Quality Assurance/Quality Control, Results section).
Particle Collection Efficiencies
Particle collection efficiency tests for various sampling media are presented in Figure 2 . Cross-sectional areas of the 
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The EL sampler: a press sampler for the quantitative estimation of dermal exposure to pesticides in housedust measured particles were converted to particle volumes, and hence to particle volume distributions, assuming a spherical shape for all dust particles. Assuming equal density for all particles the volume distribution was indicative of the relative contribution of each size fraction to the mass of the housedust sample. The difference between the initial and final particle volume distributions represents the particles that have been removed by the respective sampling media.
Residual particle volume distributions after sampling with the cotton glove and the Sof-wick 2 sponge were the most dissimilar to the particle volume distribution left by the hand press. The residual particle volume distributions appeared to follow the shape of the initial average volume distributions for these fabric-based media. The adhesive labels were relatively rigid as a sampling media and may have rested more on the plane of the larger particles. This would result in the media not contacting all the particles on the surface and produce a similar final particle volume distribution to the fabric-based media. The synthetic skin (Bioclusive 2 transparent dressing, Johnson and Johnson) was also an adhesive-based sampling media, but was very supple and molded itself readily to the test surface. This sampling media left a smaller residual particle volume distribution on the microscope slide than the hand press and therefore collected a larger proportion of the initial particle volume distribution.
The C18 filter media left a residual particle volume distribution on the microscope slide most similar to that measured after the hand press of this individual. Particle volume collection efficiencies are presented in Table 2 . For the C18 media to be representative of the hand press similar particle volume distributions should be collected over the entire range of particle sizes. Both collection methods removed 100% of particles with a diameter between 60 ±250 m. Particle volumes removed for particle diameters of 10±50 m were 66% for the hand press and 75% for the EL filter media. Both collection media were inefficient at removing particles 2.5 ±10 m in diameter from the surface (C18 filter =À15%, hand press=14%). For particles <2.5 m the hand press and the El filter media removed 45% and 56% respectively of the initial particle volume distribution.
Quality Control /Quality Assurance for Pesticide Measurement Pesticide recoveries were calculated using response factors for the internal standard Fenchlorfos in seven calibration standard solutions (r 2 >0.99 for approximately 0.02, 0.04, 0.08, 0.14, 0.16, 0.18, 2.0 g/ml of each pesticide atrazine diazinon, malathion and chlorpyrifos). Analytical limits of detection were 0.012 g/ml for atrazine, 0.007 g/ml for diazinon, 0.022 g/ml for malathion and 0.011 g/ml for chlorpyrifos. Based on the mean collection efficiency, analytical recoveries and the surface area sampled method detection limits for the EL sampler were therefore: 0.004 g/cm 2 for atrazine, 0.003 g/cm 2 for diazinon, 0.008 g/cm 2 for malathion and 0.005 g/cm 2 for chlorpyrifos. Quality control /quality assurance samples contained NIST solutions of mixed pesticides prepared for the National Human Exposure Assessment Study ( NHEXAS). Quality control /quality assurance results are presented in Table 3 . Recoveries of all four pesticides were within 11% of values reported by the manufacturer. Laboratory controls for the EL sampler (n=6 samples) were prepared by spiking EL filters with NIST solution and following the extraction and analysis protocols above. Pesticide recoveries were all within 20% of the analytical recoveries. Corresponding laboratory controls for the hand rinse (n=6 samples) were prepared by spiking a polyethylene dermal rinse bag containing 150 ml of 2-propanol with NIST solution. Pesticide recoveries were within 30% of analytical recoveries. Method blanks remained free of pesticide residues for both the EL sampler and the hand rinse. Table 4 shows a comparison of pesticide collection efficiencies for the hand press and the EL sampler in seven paired tests. Pesticide recoveries accounted for 100% of the initial pesticide deposited on the sample surfaces which indicated minimal losses within the sampling methodologies. Average collection efficiencies for a hand press followed by hand rinse on flat polyethylene surfaces were 42%, 29%,43% and 21% for atrazine, diazinon, malathion and chlorpyrifos respectively. Corresponding average collection efficiencies for the EL sampler were 35%, 31%, 32%, and 18%. The results of a paired t-test for means showed that the two sampling techniques collected similar amounts of diazinon and chlorpyrifos ( p= 0.380 and 0.072, respectively) but different amounts of atrazine and malathion ( p =0.003 and 0.019, respectively). The two sampling techniques were highly correlated for atrazine, diazinon and chlorpyrifos (correlation coefficient = 0.840, 0.815 and 0.706), but not for malathion (correlation coefficient =0.086).
Pesticide Collection Efficiencies
Discussion
Indirect sampling techniques for dermal exposure to housedusts on indoor surfaces should demonstrate similar particle collection efficiencies to the human skin. The particle distributions remaining on the surface after the hand press and the C18 filter press were similar to each other for all particle sizes. The C18 filter and the hand press collected 100% of particles >60 m in diameter. Collection efficiencies for particles <60 m in diameter varied with particle size. The C18 filter had particle volume removal efficiencies similar to the skin of the individual tested for particles with a diameter between 0 ±2.5 m (C18 filter = 45%, hand press=56%) and for particles with a diameter between 10 ± 50 m (C18 filter =66%, hand press=75%) (Table 3) . Only a small fraction of the 2.5±10 m diameter particles were removed from the surface by either collection media (C18 filter =À15%, hand press=14%). The negative value for the C18 filter was probably produced by the splitting apart of larger aggregates and as a function of the averaging process for three runs. There may also be some deposition of C18-impregnated silica particles from the sampling media shown by the increased number (162) of particles counted on the surface in this size range. Both sampling techniques were not efficient in collecting particles in this size range, however, and the contribution to the total volume was very small (C18 filter =À0.05%, hand press=0.04%). The variation in particle measurement for the hand rinse and the C18 filter has been plotted on a logarithmic scale in Figure 3 . There was little overlap of the error bars and significant overlap only occurred for particle sizes where there was very little difference between the initial and final particle volume distributions (e.g., 10 m). Overall for housedust, which is extremely heterogeneous in nature, the minimal overlap of the error bars combined with the similarity in the particle volume distributions provided a high level of confidence in the selection of the C18 media as a close approximate of this individual's skin. We were unable to ascertain how representative this individual's skin was of the total population as this requires substantial examination which was beyond the scope of this study and our Institutional Review Board approvals. On the basis of this data, however, we were able to select this media for use with the EL sampler.
Quality assurance/quality control samples indicated that both sampling methodologies were efficient in the recovery of pesticides and intercomparison of the collection efficiencies of both techniques from pesticide treated surfaces was possible. Recoveries from the C18 filter media of the EL sampler were consistent and accurate. The slightly increased variation in hand-rinse recoveries was probably due to the rinsing out of a polyethylene Ziploc 2 bag. Studies performed by Fenske and Lu (1994) using a 10% isopropanol/distilled water mixture to remove chlorpyrifos from the hand reported that 37% of the chlorpyrifos was absorbed into the skin and was not removed by the handwash immediately after exposure and 47% was absorbed into the skin and not removed by the handwash 1 h after exposure. Fenske and Lu (1994) also reported that for lower pesticide loading the removal efficiencies of the handwash decreased (21±23% for loading of 0.1±1 g/cm2). The current study used pesticides applied onto settled housedust to simulate conditions present on flat household surfaces rather than pesticides applied onto a clean surface. Using an estimated initial concentration measured on an adjacent sample plate to calculate a mass balance, approximately 100% of all four pesticides was recovered in these experiments, indicating that absorption by the skin was negligible. In addition, pesticide removal at these lower pesticide loadings was observed to be very good. The discrepancies observed between the current results and those of Fenske and Lu (1994) , were probably due in part to the different handwashing solutions used, and also to the presence of housedust particles. Undiluted 2-propanol compared to a 10% solution of 2-propanol in DI water may have been more efficient at removing both the sebum from the skin surface and pesticides absorbed into the top skin layers of the stratum corneum. In addition, pesticides absorbed onto dust particles may not be as readily absorbed into the skin layers compared to pesticide residues on a clean surface as they may be bound to the matrix of the particle. Fenske and Lu (1994) reported that recoveries from hand rinses were unlikely to represent accurate estimates of dermal exposure due to the amount of pesticide absorbed into the skin and that two-to fivefold underestimation of exposure could occur. It was clear from the above results that the EL sampler did not absorb and retain pesticides and would not suffer, therefore, from the same limitations.
Pesticide collection efficiency tests indicated that the collection efficiencies for the EL sampler were similar to a hand press followed by hand rinse for diazinon and chlorpyrifos (Table 4) , but were statistically different in a paired t-test for atrazine and malathion. The difference in collection efficiencies between the two techniques, however, was small (7% difference for atrazine and 11% for malathion) and the collection efficiencies of the two sampling techniques were highly correlated for atrazine diazinon and chlorpyrifos (correlation coefficient = 0.840, 0.815, and 0.706), but not for malathion (correlation coefficient =0.086). For these dust-laden surfaces, therefore, the EL sampler approximates collection efficiencies of the hand press followed by hand rinse for this individual. Larger coefficients of variation for the hand rinse compared to the EL sampler in these seven paired collection efficiency tests were probably caused by differences in the amount of sebum on the skin surface and the hydration of the stratum corneum in this individual. These variables would be expected to influence collection efficiencies of both particles and pesticides. Further analysis has been performed on the influence of sebum levels and moisture content of the skin on the collection efficiency of the human hand for pesticides deposited on dust laden surfaces.
The ultimate purpose of this sampler was to design an indirect sampling methodology for children's exposure to pesticides that reduces the need for direct participation of the inhabitants. The sampler, however, was designed relative to an adult hand as we were not able perform the initial experiments and pesticide recoveries on children due to limits applied for Institutional Review Board approval.
Comparison of the sampler with pesticide levels rinsed off residential children's hands with a hand rinse is currently being performed. The sampler was designed to measure pesticide concentrations on smooth indoor residential surfaces. In order to interpret the results, the activities and behavior of children should be examined using the methodologies of Reed et al. (1998) to determine appro- 
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Conclusions
(1) The C18 filter demonstrated particle collection efficiencies that most closely approximated the collection efficiencies of the skin and was therefore a surrogate for a hand press of the individual tested.
(2) The EL sampler collected pesticide residues that approximated those collected by the individual's hand upon contact with a dust-laden surface.
